Abstract 27
Bats are known to harbor emerging RNA viruses. Recent studies have used 28 high-throughput sequencing technology to identify various virus species, including DNA 29 viruses that are harbored by bats; however, little is known about the nature of these 30 potentially novel viruses. Here, we report the characterization of a novel herpesvirus 31 isolated from an Indonesian pteropodid bat. The virus, tentatively named fruit bat 32 alphaherpesvirus 1 (FBAHV1), has a double-stranded DNA genome of 149,459 bp. The 33 phylogenetic analyses suggested that FBAHV1 is phylogenetically grouped with 34
Simplexviruses within the subfamily, Alphaherpesvirinae. Inoculation of FBAHV1 into 35 laboratory mice caused a lethal infection. Virus infection was observed in lung, liver, and 36 brain tissue. Serological and PCR screening revealed that FBAHV1-or its related 37 virus-infected fruit bats were widely distributed in Indonesia. The identification of 38 To date, six herpesviruses have been isolated from bats. Four of these are 87 alphaherpesviruses, which were isolated from fruit bats (Eidolon dupreanum, Eidolon 88 helvum, and Pteropus lylei), insectivorous bats (Lonchophylla thomasi), and an 89 unidentified bat (24). The remaining two are betaherpesviruses, which were isolated from 90 insectivorous bats (Miniopterus fuliginosus (25) and Miniopterus schreibersii (26)). In 91 addition, studies using high-throughput sequencing and PCR with consensus-degenerate 92 primers have identified partial sequences derived from betaherpesviruses and 93 gammaherpesviruses in the fruit bat, Rousettus aegyptiacus (27) 
and Pteropus giganteus 94 (28), and the insectivorous bats Eptesicus serotinus, Myotis myotis, Myotis nattereri, 95

Nyctalus noctula, Pipistrellus nathusii, Pipistrellus pipistrellus, Plecotus auritus (29), 96
Hipposideros diadema (30), Eptesicus fuscus (14), Rhinolophus ferrumequinum, 97
Tylonycteris robustula and Myotis ricketti (13 Corning, NY). The culture plates were rocked for 1 h at 37°C in a 5% CO 2 incubator. 160
The cells were then re-fed with fresh MEM containing 2% FBS and 2% 161 antibiotic-antimycotic solution (Life Technologies, Carlsbad, CA). Another four mice were mock-infected. Survival was monitored daily for 12 days. 237
Throughout the experiments, the mice were weighed and observed daily. Mice that were 238 reluctant to move, were recumbent, or lost more than 20% of their body weight relative to 239 their maximum weight were euthanized by isoflurane inhalation. showed evidence of cytopathic effects (CPE): the cells adopted a rounded morphology at 288
Days 3 (FBKT1 cells) and 6 (Vero cells) post-inoculation ( Fig. 1a and 1b) . This 289 pteropodid bat was similar to Pteropus hypomelanus in terms of the level of sequence 290 homology between the 16S rRNA (96%) and cytochrome b (95%) genes 291 (DDBJ/EMBL/GenBank entries AF069537 and AB062472, respectively); therefore, we 292 considered these two species to be closely related. Culture supernatant harvested from the 293 Vero cell monolayer was ultracentrifuged and the resulting pellet was subjected to further 294 analysis. Total RNA was extracted from the pellet and analyzed by emulsion PCR and 295 pyrosequencing. BLAST analysis identified several nucleotide sequences that showed 296 some homology with the genomes of HSV-1 and herpes simplex virus type 2 (HSV-2). 297
Negative stain electron microscopy identified virus particles (100-120 nm) that appeared 298 to have enveloped capsids (Fig. 1c) ; the morphology of these particles was typical of 299 herpesviruses (34). Thus, we tentatively named this novel herpesvirus fruit bat 300 alphaherpesvirus 1 (FBAHV1). 301
Genome analysis of FBAHV1 303
To determine the complete genome sequence of FBAHV1, we extracted DNA from the 304 concentrated virus suspension and processed it for pyrosequencing. We obtained 122,696 305 reads with an average length of 431 bp. The gaps between the contigs were filled by 306 primer walking. The genome of FBAHV1 is 149,459 bp in length, with a GC content of 307 61% (Fig. 2) with HSV-1 genes were identified within the UL and US regions, while no homologues 312 of HSV-1 genes US5, US10, US11 and US12 was identified. In addition, RL1, RL2, and 313 RS1, which encode the HSV-1 homologues ICP4, ICP34.5, and ICP0, respectively, were 314 mapped to the RL and RS regions. Among these ORFs, the deduced amino acid sequence 315 of FBAHV1 UL15, UL19 and UL29 showed high sequence identity (> 80%) to those of 316 HSV-1 UL15, UL19 and UL29, respectively (Table 1) . Bayesian phylogenetic trees were 317 constructed based on the deduced full length amino acid sequences of viral DNA 318 polymerase (encoded by the UL30 gene) and glycoprotein G (encoded by the US4 gene) 319 (Fig. 3a and 3b ). FBAHV1 clustered with the genus Simplexvirus within the subfamily 320
Alphaherpesvirinae, which belongs to the family Herpesviridae. A previous study also 321 reported the identification of a partial nucleotide sequence (465 bp) of UL30 from 322 alphaherpesviruses isolated from fruit bats in Africa, Cambodia, and Brazil (24). 323
Phylogenetic analysis based on the deduced amino acid sequence of the gene product 324 derived from the partial UL30 sequences isolated from these alphaherpesviruses and from 325 FBAHV1 showed that FBAHV1 is related to CSG248, a virus that was originally isolated 326 from a throat swab taken from Pteropus lylei in Cambodia (Fig. S1 in the supplemental 327 material). Vero cells which were used for FBAHV1 isolation were identified as negative 328 by PCR for UL30 gene. 329
330
Cell tropism of FBAHV1 331
We next examined the susceptibility of several cultured cell lines to FBAHV1 infection. 332
In addition to the Vero and FBKT1 cells that were originally used to isolate the virus, six 333 human cell lines were infected with FBAHV1 at a multiplicity of infection (MOI) of 0.1 : 334
human neuroblastoma cells (IMR-32 and SK-N-SH), human lung carcinoma cells (A549), 335 human cervical carcinoma cells (HeLa), human hepatoma cells (HuH-7), and human 336 hepatoblastoma cells (Hep G2). We also examined CHO-K1 cells, which are resistant to 337 infection by viruses belonging to the genus Simplexvirus (including HSV-1 (35) and 338
Macacine herpesvirus 1 (36)). Indirect immunofluorescence analysis using an anti-HSV-1 339 antibody (B0114), which cross-reacts with other alphaherpesvirus antigens, (33) showed 340 that FBAHV1 infected all of the cell lines tested; however, there was no evidence of 341 syncytium formation. Immunofluorescence staining of uninfected cells with 342 the anti-HSV-1 antibody did not show positivity (Fig. 4a) . Real-time PCR 343 confirmed viral replication at 8 hours p.i. (Fig. 4b) . Surprisingly, CHO-K1 cells 344 (Fig. 5a ). Gross examination 351 revealed multiple white foci in the livers and extensive red to red-black discoloration in 352 the lungs. The amount of FBAHV1 genome in the tissues was quantified by real-time 353 PCR. A relatively large amount of FBAHV1 was detected in the liver at 5 days p.i. (Fig.  354   5b ) and in the lungs at 3 days p.i. (Fig. 5c ). In addition, increasing amounts of FBAHV1 355 genome were detected in the brain (Fig. 5d) . However, no or few copies of the FBAHV1 356 genome were detected in the kidneys (Fig. 5e) or spleen (Fig. 5f ). Histological analysis 357 revealed multifocal hepatic necrosis. Many of the hepatocytes within these necrotic foci 358 contained eosinophilic intranuclear inclusion bodies, which are typical of herpesvirus 359 infections (Fig. 5g) . Immunohistochemical staining with an anti-HSV-1 antibody 360 revealed FBAHV1 antigens in hepatocytes within the liver (Fig. 5h) , the bronchiolar 361 epithelium in the lungs (Fig. 5i) , and neurons and glia within the medulla oblongata (Fig.  362   5j) . 363 364
Epidemiological screening of Indonesian fruit bats for FBAHV1 365
Finally, we used molecular and serological approaches to examine the prevalence of 366 FBAHV1 infection in Indonesian fruit bats. FBAHV1 was isolated from a pteropodid bat 367 (Pteropus sp.) captured in Paguyaman on Sulawesi island. We also examined samples 368 from fruit bats captured in Panjalu, Surabaya and Magelang (all on Java island), Lima 369
Puluh Kota (Sumatra island), and Popayato (Sulawesi island) ( Table 2) . 370 DNA was extracted from 133 spleen samples taken from 133 fruit bats. PCR was 371 used to screen for the UL19 gene using FBAHV1-specific primers. As shown in Table 1 serum samples. Because we were not able to use fruit bat serum that was negative for 383 FBAHV1 as a control for this assay, we set the arbitrary cutoff value for the optical 384 density (OD) at 0.23. This was based on a value of three standard deviations above the 385 mean OD obtained for 50 serum samples that tested negative in a virus neutralization test. 386
We detected anti-FBAHV1 antibodies in 44/104 (42%) serum samples (Table 2) . We 387 then performed virus neutralization tests using Vero cells. Of the 104 serum samples 388 collected, 96 were suitable for analysis in the virus neutralization test (NT) (eight were 389 not suitable as they were either cytotoxic or of insufficient volume). FBAHV1 390 neutralizing antibodies were identified in 46/96 (48%) samples at titers ranging from 4 to 391 256 (Table 2 and Fig. S2 in the supplemental material) . Seropositive individuals were 392 identified in all fruit bat species tested. High neutralizing antibody titers (>100) were 393 obtained from two Pteropus sp. (Fig. S2 in the supplemental material) . 394
Discussion 396
Herpesviruses are common animal pathogens, but little is known about herpesviruses 397 harbored by different species of bat. Here, we report the characterization of a novel 398 alphaherpesvirus, which was isolated from Pteropus sp., a species of bat that is closely 399 related to Pteropus hypomelanus. We determined the complete genome sequence of the 400 virus and revealed its phylogenetic relationship to existing alphaherpesviruses. We also 401 detected viral genomic DNA and anti-viral antibodies in three and four bat species, 402 respectively; these bats were captured at six different locations in Indonesia and all 403 belonged to the family Pteropodidae. Thus, we named this herpesvirus FBAHV1. 404
Experimental infection of laboratory mice with FBAHV1 resulted in gross lesions 405 in the lungs and liver and, eventually, death. Simplexviruses are neurotropic. Consistent 406 with this, FBAHV1 infection was also observed in the brain tissues of mice. In the 407 present study, tissue samples obtained from fruit bats were examined macroscopically by 408 veterinary pathologists; however, there were no signs of serious infection, such as 409 massive liver damage or pneumonia. In addition, the virus showed high seroprevalence in 410 bats. Therefore, these results suggest that natural infection of fruit bats by FBAHV1 may 411 not be lethal. However, further studies are necessary to assess the pathogenic potential of 412 FBAHV1 in both bats and foreign hosts. 413
Fruit bats that were seropositive for antibodies to FBAHV1 were identified from 414 four species of the family Pteropodidae in different areas of Indonesia, although we must 415 consider the possibility that this seropositivity may be due to immunological 416 cross-reactivity between FBAHV1 and other, as yet unidentified, alphaherpesviruses. 417
However, the result of PCR screening supports that FBAHV1 or the viruses closely 418 related to FBAHV1 are distributed over a wide geographical area in Indonesia. Because 419 pteropodid bats are a source of meat for people in North Sulawesi (39), further 420 seroepidemiological studies of FBAHV1 in humans will help elucidate the presence of 421 human case of FBAHV1 infection. 422
The phylogenetic analysis showed that FBAHV1 branched from an ancestor of 423 primate simplex viruses (Fig. 3) to form a distinct lineage together with other 424 alphaherpesviruses previously identified in fruit bats (Fig. S1 in the supplemental  425 material). This lineage is distant from that of parixa virus, which was isolated from an 426 insectivorous bat, Lonchophylla thomasi (Fig. S1 in the supplemental material) . The 427
Genbank database contains 22 complete reference genome sequences for 428 alphaherpesviruses isolated from humans, nonhuman primates, cows, horses, pigs, cats, 429 marmosets, chickens, ducks, turkeys, and parrots. FBAHV1 is the first alphaherpesvirus 430 to be isolated from bats and have the complete genome sequence determined. The data 431 presented in this paper will make a considerable contribution to our understanding of the 432 evolution of herpesviruses. 433
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